Abstract--Hybrid stepping motor has very small airgap and teeth. These bring out the saturation in the teeth easily. in this paper, the 3 dimension equivalent magnetic circuit network method (EMCNM) based on the trapezoidal element is used for the accurate and efficient nonlinear analysis of HSM, and the validity of the analysis results by the proposed method is verified by comparison with the experimental results.
I. INTRODUCTION YBRID stepping motor (HSM) has very small airgap length and teeth in the stator and the rotor. These bring out the saturation in the teeth easily [1] . Accordingly, the non-linear characteristic in magnetic core of HSM should be considered during the design and magnetic analysis process. In general, the equivalent magnetic circuit method with lumped parameters has been widely applied to estimate for the performance of HSM. Because the main flux of HSM takes both radial and axial path and HSM is designed to operate under highly saturated conditions, it is more difficult to obtain accurate equivalent circuit parameters of HSM than that of other types motor. Moreover, the equivalent circuit method cannot show the geographical distribution of the magnetic saturation characteristic of both teeth [2] . Therefore, 3D analysis such as Finite Element Method (FEM) that could consider the distributive characteristics of HSM is inevitable for the accurate performance analysis. 3D FEM has shortcoming that it requires more computer memories and computation time according to increase the number of node.
In this paper, 3D EMCNM based on t he trapezoidal element is used for the accurate and efficient analysis of HSM. The conventional 3D EMCNM has used the hexahedron element in case of linear motor or fan shape element in case of rotary machine [3] . The use of these elements is not good in analyzing the complex shaped machinery such as HSM because it is difficult to represent the structures. Therefore, to overcome this weakness, the new trapezoidal element is used.
The detent torque and holding torque of HSM are analyzed by using EMCNM based on the new element. The validity of the analysis results by the proposed method will be verified by comparison with the experimental data. Fig. 1 shows the basic construction of a 2-phase HSM having 8 stator poles with 6 teeth and 50 teeth on the rotor. Table I represents the specifications of the HSM. 
II. ANALYSIS MODEL AND 3D EMCNM

A. Analysis Model
where H, J, B, Φ , P , and F are magnetic intensity, current density, flux density, flux, permeance, and MMF.
Magnetic scalar potential (MSP) can be solved by the permeance and MMF as shown Fig. 2 . The magnetic flux and magnetic flux density between node (i,j,k) and node (i,j-1,k) are calculated as follows ) (
where U i,j,k is unknown MSP and E i,j-1,k is MMF of the PM or stator winding. Equation (6) represents the system matrix equation using the magnetic flux continuity condition at each node (i,j,k).
where [ P], {U} and {F} are the permeance coefficient matrix, matrix of node MSP and is forcing matrix, respectively. Fig. 3 shows trapezoidal element that is used EMCNM in this paper. The components of permeance in the trapezoidal element are as follows ) ln( Fig. 4 (a) and (b) show meshing results of the fan-shaped and the trapezoidal element on stator, respectively. Since the fan-shaped element doesn't match the outline of H SM, analysis result connotes calculation error. Although fine mesh could decrease analysis error, the fan-shaped element takes long computation time. However, no matter what the shape is, it is easy to mesh the analysis model by the trapezoidal element. Fig. 4 (b) demonstrates that the trapezoidal element is appropriate for analysis of HSM using 3D EMCNM. In order to get detent and hold torque of HSM, t he experimental setup is composed of a pulley, a string, a weight, and position detector with DSP based measurement system like fig. 6 [4] . The resolution of position detector is 0.036 degrees. Only one fourth of period can be successfully measured by above referred method. Fig. 7 shows analysis and experimental results of detent torque without excitation. In fig. 7 , the period of torque coincides with the teeth pitch as 1.8 degree.
C. Permeance Calculation
D. Comparison of fan-shaped and trapezoidal element
III. ANALYSIS AND EXPERIMENTAL RESULTS
The holding torque with excitation is shown in fig. 8 . The exciting current increases linkage flux that causes positive torque and also decreases linkage flux that causes negative torque. Therefore, negative torque is diminished when exciting current is 3 amperes like fig. 8 . The period of holding torque is half of detent torque. Both detent and holding torque describe that nonlinear torques are smaller than linear's and closed to experimental result. Above result, nonlinear analysis is required as HSM has saturation in the teeth
IV. CONCLUSION
In this paper, nonlinear characteristic of HSM is analyzed using 3D EMCNM based on the trapezoidal element. 3D EMCNM has advantages that it requires less computer memories a nd computation time than 3D FEM. The trapezoidal element is free from complexity of structure. To verify the feasibility of analysis results, experiment is carried out with DSP based measurement system. Nonlinear analysis result by 3D EMCNM is similar to experimental result.
From these results, it is known that the proposed method is useful for the 3D analysis in machinery with complex shape. 
